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ABSTRACT 
Robotics has been one of the significant research areas recently. Disparate to 
traditional machines, robots are integrations of actuators and sensors with 
intelligent algorithms to adapt the environmental changes. Many research groups 
have extended this characteristic on robots that emulate, or even surpass, human 
abilities. The most typical examples are manufacturing robots. This technology is 
also developed in different areas. In this thesis, a methodology for robotic Chinese 
calligraphy is proposed. It will be realized by a brush trajectory generation 
algorithm compatible to a 5-DOF brush manipulator. The algorithm includes three 
main procedures that we developed: extracting strokes from Chinese words, 
establishing representation of brush footprint and trajectory planning for brush 
movement. 
Stroke extraction, which is first discussed in this thesis, is a technique to 
decompose a Chinese character into individual strokes. Our method first obtains 
the skeleton of a Chinese word to determine the features of the strokes. A fast 
skeletonization method based on Delaunay triangulation is introduced, which 
converts characters into triangular mesh. By rearranging the mesh, sample points 
of medial axes are obtained, which are further interpolated by Bezier curve. The 
advantage of Bezier interpolation is it ensures the curve smoothness and 
continuity in medial axes. On one hand, this approach samples the shape boundary 
for evenly-separated points. This infers that the method and ignores those regions 
that has comparatively less features. So, it is swift to extract medial axes from 
shapes. On the other hand, the mesh can be modified to eliminate the spurious 
branches and unanticipated formation of the medial axis. Therefore, stroke 
extraction can be achieved by segmenting the branches, which comprise the same 
continuous medial axes. Some rules are identified based on the structures of 
Chinese words. The triangular mesh of a Chinese word is modified in the 
suggested way. Result shows that the proposed stroke segmentation method can 
extract most of the strokes accurately. 
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For the brush footprint, it is varying with fickle brush depth and inclination. So, 
the footprint of a brush is analyzed with selected parameters, and the boundaries 
of those shapes form a discrete representation to predict such deformation. Some 
specific points are considered and extracted to be the features of the shapes. The 
variations of each feature point, caused by the change in brush orientation and 
pressure, are approximated using curve fitting algorithm. As a result, the points in 
the footprint boundary can be represented in a manner of continuous mathematical 
equations. 
With the footprint representation and the extracted strokes of Chinese words, 
several criteria will be established to find a path for the brush movement. 
Experiment will be conducted, using the example Bada Shanren's calligraphy, to 
examine the feasibility of the proposed method. The result shows that this method 
performs well with the use of hairy brush. It can generate strokes with varying 
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Chapter 1 ： Introduction 
Chapter 1: INTRODUCTION 
1.1. OVERVIEW ON ROBOTICS 
Applications of robots and robotic systems were widely developed in the last 
century. One major motivation of such development is to reduce humans' 
workload and yet attaining high productivities. Robotic systems have been treated 
as a universal tool in industrial production lines to enhance the quality and 
quantity of manufacturing. The advantages of robots include high adaptability and 
precision. 
Up to now, robotics remains a very hot research area. Recently, researchers have 
designed robots with human personality, like robots with facial expressions ([1], 
[2]) and dancing robots ([3], [4]). A human-robot mutual communication system 
in [2] is an example of human emulation that includes a robot with robotic vision 
system. The robot has abilities to express their intention by facial expressions, 
gestures or speech. It would alter its intention, which determines the intention 
expression, based on the environmental changes recognized by the visual system. 
These kinds of robots may not provide apparent applications, but they would 
argument robots with critical abilities, like improving human-robot 
communication. 
7.2. LITERTURE REVIEW ON ART-ROBOT 
Art robot is also one of the popular topics in robotics. Several successful 
researches are shown in [5]-[14]. A western artwork painted by a robot is called 
Zanelle, which is different from other kinds of machine made arts. It is made up of 
brush strokes to be artist grade paintings. Many Zanelles were created with 
different esthetic expressions, which are indistinguishable from those made by 
artists. Zanelle emerged in mid 1970，s. One of the representatives of art robots for 
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western painting is called Aaron invented by Harold Cohen ([5] and [6]). Aaron is 
a pioneer in robot art with artificial intelligence. Many of its artworks have been 
exhibited in museums and give great impression to the public. 
Another robot, called Drawing 
H F Machine [7], is developed by 
I " i n , Fernando Orellana. A photograph of 
I f j t i n M the robot is shown in Figure 2. This 
\ ti robot is capable to create abstract 
drawings. A microphone is installed in 
the robot to receive environmental 
sound. The sound would then be 
interpreted to commands to depict 
complicated drawings. Randomness is 
Figure 2. A photo of Drawing Machine 
also added to increasing the variation 
of the artworks. With the "listening" ability, the viewers may cooperate to create 
artworks. When they talk, sing or make some noise near the microphone, the robot 
would receive the sound signals. Drawings are created based on these "human 
sounds". 
Zanelle (Figure 1) is a painting art robot • I H I I I ^ l f y i ^ ^ l " ^ ^ ^ ^ ^ ^ ^ " ^ � 口 
for creating chromatic drawings from 
photographs [8]. Similar to ordinary art 
r � b � t， i t is a 3.D0F robot with a 
manipulator to control the brush motion. K : L/ ^ J ^ I j H 
The robot can drawing with different k 供•灿 ^ ^ ^ j g ^ P ^ H r a 
colors. Color ink containers are put at A ' 
the side of the robot. The brush can ^ ^ ^ ^ P ^ ^ ^ j ^ H f S ^ S B 
automatically refill ink or change color. 
Figure 1. The art robot Zanelle 
One of the features of its artworks is 
that the drawings are composed of colored straight lines as shown in the photo. 
However, the output would depict the contour of the original image. 
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1.3. ROBOT ARTIST FOR CHINESE CALLIGRAPHY AND 
PAINTINGS 
An art robot, called Intelligent Robotic Art System (IRAS), was developed in the 
Intelligent Control System Laboratory, CUHK, by Prof. Yeung Yam and Joe K.W. 
Lo [13]. It was an artistic robot with 3-DOFs (x, y and z) to perform professional 
line drawings using non-hairy brushes. One of the artworks, which were done by 
the author in 2006，made by IRAS is shown in Figure 3. It is a gray-scale painting 
that replicated from a chromatic Chinese painting. Recently, the robot is modified 
to be a 5-DOF robot, by adding 2 additional rotary joints (control brush 
inclination), to improve its flexibility. Hairy brush is used to draw brush strokes, 
so IRAS has potential to create artworks, like calligraphies and paintings. The 
shapes of the brush footprints are modeled using experimental data. It would be 
changed by variations in position and inclination of the brush. 
few 
I � 
(a) (b) (c) 
Figure 3. Grayscale image drawn by IRAS, (a) The original painting, the image (b) 
converted to be gray scale, and (c) image of the grayscale painting by IRAS. 
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1.4, MOTIVATION AND RESEARCH OBJECTIVE 
Robotic replication of Chinese calligraphy is a great challenge in robot emulation 
of human abilities. Many robots have been developed to mimic human-made 
artworks. However, unequal to these artworks, Chinese calligraphy is controlled 
by complicated hand motions, which controls the thickness and continuity in 
strokes. So, augmentation with additional DOFs is essential to improve the brush 
manipulation. 
One of the difficulties in this project is how to segment strokes automatically from 
a Chinese word. Segmentation of strokes in calligraphy would be a complicated 
problem, since the thick strokes would change the shapes of words. So, the 
structure of calligraphy should be studied to generalize the common features. 
Contour analysis of a Chinese word would be a feasible method. Medial axes can 
be generated as additional information to descript a shape. Hence, it should be 
utilized to determine the continuity of strokes. 
On the other hand, mathematical representation of brush footprints should be 
developed to predict its shape variation when the hairy brush deforms. Such 
representation should be in form of continuous functions, since the shape of brush 
footprint changes by sequence of motion executed by the manipulator. Moreover, 
it should be compatible to fast searching method to precipitate the trajectory 
generation process. 
In this project, the major objective is to study and replicate Chinese calligraphy 
using engineering technology. Due to the repeatability of the robot, the features 
and essence of calligraphies written by artists can be permanently preserved. For 
this reason, many invaluable calligraphies, which are important cultural heritages, 
can be regenerated using this approach. 
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7.5. THESIS OUTLINE 
In this thesis, a methodology for calligraphic stroke trajectory planning is 
introduced. Chapter 1 introduces some art robot developed by different research 
groups. Then, in Chapter 2, the configuration of Intelligent Robotic Art System 
developed by the intelligent control system laboratory is introduced. The thesis 
continues to talk about the artworks done by the art robot to show its 
performances feasibility for duplicating existing artworks and even creating new 
art styles. As the robot is capable of writing Chinese calligraphy recently, some 
new mechanisms and software are added to advance the function on the basis of 
the developed robot. The new functions includes: two additional DOFs for 
rotational motion of the manipulator, infra-red sensing system for manipulator 
homing. 
As the original system uses brushes, a non-hairy brush, to delineate line drawings 
and chromatic images, new procedures were developed to adapt high deformable 
hairy brushes. Series of algorithms are proposed to achieve robotic Chinese 
Calligraphy. Stroke segmentation method is first discussed in Chapter 3 and 
Chapter 4. The method is originally for medial extraction. It is further modified to 
segment Chinese words into strokes based on several rules summarized from the 
general features of Chinese calligraphy. 
Since a hairy brush is essential for calligraphy, the brush footprint model 
acquisition is also discussed, which is approximation to shapes of brush footprints. 
The method for obtaining the footprint information and generate the model is 
discussed in Chapter 5. Then, Chapter 6 proposes an approach to search 
trajectories, which would be executed by IRAS, using the brush footprint model 
and the segmented strokes. 
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Chapter 2： INTELLIGENT ROBOTIC ART SYSTEM 
2.1. PREVIOUS CONFIGURA TION 
Manual drawing/writing can be viewed as the pen/brush movement, manipulated 
by a human hand, along a trajectory in certain pattern. The line and shade in a 
picture are produced by sliding the pen tip on the target surface. A robotic system 
must be able to generate identical pen movements of a painting artist/calligrapher 
for it to eventually perform professional artistic tasks. Our research group has 
recently developed an Intelligent Robotic Art System (IRAS) as shown in Figure 
4. 
CCD Camera E ^ U J ^ j j l ^ M 下 / U ^ 
(a) (b) 
Figure 4. (a) IRAS and (b) its schematic. 
A clip is located at the terminal of manipulator and so that different types of 
drawing tools, such as pencil, paint brush, or even Chinese writing brush, can be 
mounted onto the manipulator for different drawing styles. When the robot writes 
a word, a paper can simply be fixed on the stage. Upon setting the origin 
6 
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coordinates based on the position of the stage, the predefined image/word can be 
drawn on the horizontal surface automatically. 
2.1.1. 3 DOF Manipulator 
The platform contains a robotic manipulator with 3 translational joints in x, y and 
z directions. The corresponding workspace size is 700 mm (x) x 800 mm (y) x 
150 mm (z). The resolution of movement in each axis is 0.1 mm, which can 
provide precise and high quality picture drawing. To enhance the output strokes 
smoothness, a PID controller is used in the system positioning to minimize the 
superfluous oscillation during operation. 
2.1.2. Digital Image Input System 
Two CCD cameras are used to capture images on the glass plane. One of them is 
mounted at the side of the platform to capture the drawing procedure and 
outcomes. It is also used as a vision feedback device to improve the quality of 
mechanical outputs. After a word is written, the camera would capture the resulted 
image, which is then transformed to front view. As the position and orientation of 
the camera are not at the top of the drawing surface and there is distortion in the 
camera caused by the refraction of lens, the captured image may not directly used 
as a resulted image. Homography is applied to correct these deformations. 
However, parameters for the transformation would not be easily obtained due to 
error existing in the experiment, e.g. reference points input, and experiments are 
iteratively conducted to reduce the uncertainties. Afterwards, the front-view 
transformed image is then compared with the original image for analysis. Based 
on GA-based iterative improvement algorithm, it searches the brush pressure, 
which generated the line thickness that is closest to the source image. Finally, the 
mechanical outputs would be the same as the original source images. 
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Besides, another camera installed at bottom part of the robot is used to capture the 
footprints of hairy brushes. In Chinese calligraphy and painting, stroke thickness 
affects the aesthetic feeling of the entire artwork. Therefore, this camera provides 
a preliminary way to achieve robotic art using hairy brushes. 
2.2. HARDWARE MODIFICATION 
2.2.1. Additional Degree of Freedoms 
The former configuration design provides a stable and efficient performance for 
artworks, which only require motion in x, y and z direction, e.g. line drawing. 
However, for some other artworks, like Chinese calligraphy, require using brush 
to intensify the aesthetic perception to spectators, more DOFs are required to 
control the brush motion and the desired shape of brush footprints. However, due 
to the limitation in flexibility, the 3-DOF robot may not perform well in particular 
motions. Recently, to illuminate such problem, it was modified to be a 5-DOF 
robot with the original translational joins and three additional rotary joints, which 
is illustrated in Figure 4(b). The additional joints are z-rotation, pitch and in 
direction parallel to the brush. The function of the first two joints is enhancing the 
manipulation of the pen manipulator. 
However, the motion control interface for the previous configuration does not 
adapt to systems with more than 4-DOFs. Therefore, Galil PCI bus controller 
DMC1886 is replaced, which is shown in Figure 5. It is an interface card for fast 
motion control. It provides 8 channels for 8 individual servomotors. It also 
supports PID control for vibration reduction. Moreover, this motion controller 
provides linear motion manipulation. Hence, all the axes of a system are 
synchronized, which means the axes would range to the desired position and stop 
at the same time. This function is essential for the new 5-DOF design, since it 
improves the system in the accuracy of motion. Especially the motions with large 
direction changes, they can also be ensured to be smooth in high speed motions. 
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\ 
Figure 5. Galil PCI Bush Motion Controller DMC1886 
2.2.2. Infra-red Sensing System for Manipulator Positioning 
In the previous robot configuration, it does not have sensors to fix manipulator 
origin, which means it does not have constant position calibration. So, the origin 
is set to be the manipulator position when the robot is activated or varied by users. 
In this case, the robot would have higher flexibility. However, it cannot repeat its 
operations after it has been switched off, it would hence critically reduce the robot 
repeatability. Therefore，positioning is significant to art robots, as artworks would 
be finished in separate periods. 
In the new art robot design, as two rotational axes is added, sensors are added to 
totally 5 DOFs (x, y，z，z-rotation and pitch). Figure 6 shows the circuit diagram 
for the sensors. Infra-red (IR) sensor H21A2 is used, which comprises an infra-red 
LED and a photo-sensing resistor. So, IR is directly emitted to the IR receiving 
part and gives a high signal. A low signal is detected, if the communication 
between the IR source receiving part is blocked. 
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5V 
L^ rSi 
^ O U T 
華2�()R 亭 470R 
GND — 
Figure 6. Circuit diagram for the position sensors 
The sensors are mounted on the platform of IRAS at the position indicated in 
Figure 7. When the manipulator of IRAS moves to particular positions, a thin 
slice, which connected to the manipulator, blocks the emitted IR. There is no 
signal transmitted in the sensors. The system will recognize that the manipulator 
is at certain position and set it to be the system origin. So, the system can still 
constant coordinate frame after it is off. 
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Figure 7. Infra-red sensors in IRAS for positioning of the manipulator 
2.2.3. Axial-rotary Brush 
Apart from the rotational axes, an axial rotator brush is also installed on the 
manipulator. It is designed to rotate the brush about axis of its brush shaft 
(longitudinal axis). This rotational motion is essential for using hairy brush, since 
calligraphists rotate a brush to ink and retain the hair to be straight. Figure 8(a) 
shows the design of the brush holder. Screws are inserted to the screws holes SOi, 
SO2 and SO3 to fix the position of the brush, which is put into the brush hole. The 
screw holes are arranged in two layers to enable fine adjustment of the brush 
orientation. Figure 8(b) is the part to embed a servomotor BMS-380 in the 
chamber. The brush holder is joined to the 
servomotor as indicated. When the 
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servomotor operates, the brush holder is rotated and the brush-shaft rotation is 
actuated. 
For this joint, although it cannot improve the workspace of the robot, it enables 
different sides of the brush hair contact with the horizontal surface. Therefore, it 
can be utilized in ink refill and brush refinement. A photo of the axial rotary brush 
is shown in Figure 9. 
_ 
Chamber � 
J i ^ I 
! ^ © j 
Figure 8. Axial rotary brush holder: (a) brush holder, (b) motor holder and (c) the 
mini-servo for rotational motion 
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Figure 9. The axial rotary brush installed on the robot manipulator. 
2.2A. Interface program 
As the interface card was changed, a new interface program was developed to 
adapt the new functions provided. The program is shown in Figure 10. It can 
command the robot to move to position as input or shift from current position. 
The robot can also move in planned trajectory. It is displayed on left side of the 
interface. So, users would view the words/image before the robot executes. 
Moreover, it is also capable to command the manipulator to perform fixed brush 
tip motion. So, the brush tip would keep touching a surface when the brush is 
moving. This function is important in writing Chinese calligraphy. It is because 
when a brush is pressed on a surface, the hairy part of the brush deforms. A brush 
13 
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footprint is generated that the shape of which is determined by the incline angle 
and the brush depth insert to the surface. The fixed tip motion enables the brush 
manipulator to create footprint using the same reference point (brush tip). Then, 
the actual position of the footprint is controlled by the manipulation in x and y 
directions. 
IRAS can also follow the predefined path to ink the brush manipulator. Figure 11 
shows the steps of the inking process. The brush is first moved to the ink 
container, such that it can absorb the ink inside. The servomotor in the axial-rotary 
brush holder is activated, which would improve the ink absorption. Then, it 
reaches to the ink absorber (Figure 11(b)) to remove the excessive ink. Finally, the 
brush hair is straightened, when it is moving on a plan surface (Figure 11(c)). 
With this brush shaping procedures, the shape of the brush can be controlled after 
drawing strokes. 
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Figure 10. The interface program for IRAS 
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Figure 11. Brush inking procedures: (a) ink the brush, (b) absorb excessive ink 
and (c) straighten the brush hair 
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2.2.5. Vibration Reduction 
The PID controllers reduce the vibration in the motion of the manipulator. 
However, in the actuator for y-axis, one of the terminals is connected to the 
actuator of x-axis. It is stabilized by PID control. The other end is suspended on 
the frame of the configuration. If the acceleration of the manipulator is high, it 
would create large vibration that cannot be stop in short period. A component for 
vibration reduction is added to alleviate the problem. It moves along the track in 
the frame as shown in the figure, which acts as a motion guide. Sponges are 
placed between the component and the frame, which increase the friction and 
damping. So, excessive vibration can be absorbed. 
Figure 13 shows some words written by IRAS. Both images are executed in 
maximum speed 5cm/s. The one in Figure 13(a) is written when no vibration 
reduction is made. Many of the straight lines become curves due to the non-
damped terminal in y axis. Figure 13(b) shows other words, which is also written 
by IRAS with damping part installed. They are similar to the original version and 
the lines can also keep straight. This provides a great enhancement in maximum 
execution speed of the 5-DOF system from Icm/s to 5cm/s with constant 
acceleration lOcm/s^. 
Figure 12. Vibration reduction part installed in the y-axis. 
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Figure 13. Chinese words written by IRAS with predefined trajectory: (a) without 
damping part and (b) with damping part. 
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Chapter 3: SKELETONIZATION BASED ON 
DELAUNAY TRIANGULATION AND 
BEZIER INTERPOLATION 
Conventional methods for medial axes extraction, like pixel elimination approach, 
utilize skeletonization techniques to obtain the morphological representation of 
words. However, the key drawback of this method is it would prolong the 
computation time, if ordinary skeletonization is applied to characters with thick 
branches. Moreover, it would create many spurious branches, especially in highly 
irregular shape. 
Morphological analysis of shape has been a significant research area in image 
processing. Skeletonization is one of the morphological representations. It 
generates curves which preserve the connectivity of the original shape, called 
skeleton, to represent the characteristics of a shape. It has been an effective 
technique in computer vision ([15], [16]) and pattern recognition [17]. Some 
research projects even applied such technique for stroke extraction ([18], [19]). 
Traditional skeletonization can be summarized into three main types: pixel 
elimination [20], model based skeleton matching ([20], [21]) and contour analysis 
([22]-[26]). Pixel elimination and model based approaches are effective to 
skeletonize low resolution images, while contour analysis is often used to extract 
skeleton from large images. 
The pixel elimination approach iteratively erodes pixels in the shape boundaries 
by the line thinning algorithm. Some pixels are recognized as the shape 
characteristics and are retained to form the skeleton. The main advantage of the 
method is simple to implement. It can generally extract a smooth skeleton. 
However, a high resolution image usually contains shape regions with a large 
number of pixels. It may require more iterations to erode the pixels, and so the 
computational time is too long to extract a skeleton. Also, ragged edge would 
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cause spurious branches. This leads to inconsistency and inaccurate detection in 
pattern recognition. 
For model based skeleton matching, a shape is segmented into partitions. A group 
of patterns is utilized as morphological image model. Each pattern has a 
predefined skeleton. Comparing the shape with the image model, if a shape 
partition is approximate to one of the predefined patterns, the corresponding 
skeleton is mapped to the partition. The skeleton fragments are then connected to 
reconstruct the recognized shape. The main drawback of this method is the 
limitation on the flexibility of predefined image model. It is not applicable to 
images with inconsistent scales. Moreover, a high resolution image has higher 
complexity in terms of pixel distribution. It requires extensive image patterns for 
comparison and considerable number of predefined skeletons for the shape 
reconstruction. 
The skeletonization of contour analysis depends on the medial (or symmetric) axis 
transformation. First, the boundary is extracted and the pattern branches are 
segmented. The skeleton is then obtained by searching the local symmetry of 
edges. The locus of symmetry points is extracted to be the medial axis. These axes 
are connected in nodes to form the skeleton. The advantage of this approach is 
that it can generate an accurate skeleton, which contains no excessive branch. 
However, it requires extensive sample points for the skeleton estimation. At the 
same time, it increases the complexity of calculation and the processing time 
would be relatively slow. 
In this chapter, a skeletonization method is proposed, which is an efficient method 
applicable to high resolution planar shapes. The algorithm presented in this paper 
is a medial axis transformation approach, which assures the skeletal accuracy. 
Instead of linear interpolation, Bezier curve is used to connect the inconsecutive 
sample points. It can approximate the gradient change of the symmetry point locus. 
So, the proposed method is applicable to skeleton gradient dependent applications. 
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3.1. BACKGROUND THEORY 
3.1.1. SMOOTHED LOCAL SYMMETRY 
Skeletonization of contour analysis applies the concept of local symmetry theory 
([27]-[31]) which is a significant theory in image processing, computer vision and 
computer graphics for shape representation. The conceptual figure is shown in 
Figure 14(a). The theory suggests that local symmetry is a subset of a shape that 
two points A and B (red dots) in the contour are symmetrical about normal N 
from the mid-point Pg (blue dot) of line AB. In other words, when we map circles 
into a shape, each of them intercepts the shape contour at two points. Therefore, 
the tangents of the circle at points A and B form the same angles to the line AB. 
The center of the circles can be connected to form a locus, as highlighted with 
green in the figure. The center of the circle is the intersection point of normal 
from points A and B (NA and NB). For a ribbon-like pattern, this locus splits a 
shape into two halves with corresponding symmetrical features. And, since the 
locus interpolates the mid-points of local symmetry point parts, it is used in 
medial axis transform (MAT), also called symmetric axis transform, to find the 
medial axis of a shape. 
Smoothed local symmetry (SLS) is a type of the local symmetries, as shown in 
Figure 14(b). It is the relation between two edges, which has similar criteria to 
local symmetry: 
• a supposititious circle intercepts both edges 
• the edge gradient and the circle gradient are the same at the corresponding 
point of interceptions 
One thing different from local symmetry is that SLS extracts symmetric point Ps, 
which is the center of the interception points A and B in each edge. The locus of 
symmetry points is extracted to be the shape skeleton. Though both methods 
interpolate different symmetric points, they would give almost the same result in 
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most cases. The advantage of SLS is that it is not required to find the circle 
touching the point pairs, which effectively reduce computational time. 
However, the point pairs of local symmetry may not be easily obtained. It is a 
very time-consuming process to search along the shape boundary. To increase the 
efficiency of MAT, some research group has proposed to use the edges of 
triangles to approximate the cross-section line AB in Figure 14(b) [24]. This 
triangular approximation is shown in Figure 14(c). Cc is a circum-circle, which 
intercepts the triangle at three vertices. Consider that if the triangle edge S is 
infinitely small, it shrinks as a point. This means the internal edges between point 
P and edge S become SLS. Cc also has tangent with same gradient to the shape at 
the point pair (P and S). In general, if S is short, we also consider the edges of the 
triangle satisfy SLS, as its length cannot be infinitely small. So, a line M connects 
the mid-points of the internal edges to form the medial axis. 
(a) (b) (c) 
Figure 14. Illustration of (a) local symmetry, (b) smoothed local symmetry and (b) 
Delaunay triangulation 
3.1.2. DELAUNAY TRIANGULATION 
Delaunay triangulation (DT) is a method to convert a set of Cartesian coordinates 
into triangular mesh. It maps circumcircles to vertexes, such that each circle 
21 
Chapter 3: Skeletonization Based on Delaunay Triangulation and Bezier Interpolation 
intersects with the boundary at three vertexes. The vertexes connect mutually to 
form a triangle, providing that there is no other vertex inside. An algorithm called 
divide and conquer is capable to convert a set of points into triangular mesh. It 
operates by recursively split the points into two groups according to their y-
coordinates. Triangles are inserted to the region between the convex hulls of the 
groups. When the points separated to be triangles, they are merged to form a 
triangular mesh that bounded by the convex hull of the points. 
Some research projects extended this method using constrained Delaunay 
triangulation (CDT) [19] (illustrated in Figure 14(c)). However, this approach 
requires high density of sample points along the boundary. The computational 
time for DT is 0(nlog(n)). In a high resolution image, DT may segment a 
sampled pattern into a considerable number of triangles. If the number of sample 
points is too large, the time for skeletonization would be too long for online 
applications; if the number of sample is too small, the information may not be 
sufficient to estimate the skeleton and cause the skeletal distortion. 
After appropriate triangle filtering, the remaining triangles are enveloped by the 
boundary and fill compactly in the pattern. The triangles are composed of external 
edges and internal edges. An external edge is an isolated edge located at the 
boundary while an internal edge is a common edge of two triangles. The interior 
triangles can be classified to be end triangle (ET), normal triangle (NT) and joint 
triangle (JT) [24] as illustrated in Figure 15. An ET contains only one internal 
edge. An isolated corner is not connected to this internal edge. It is a terminal of 
the skeleton. An NT has two internal edges. It is a transitional triangle which 
provides a connection path for the skeleton. A JT has three internal edges. It 
combines with the adjoining JTs to become an intersection region. In the 
intersection region, there should be a node connecting the skeleton from the 
adjoining branches. 
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Figure 15. An interior triangular mesh. 
3.1.3. Bezier Curve 
Bezier curve is a technique to produce curves, which are smooth and can be scaled. 
It is widely used to model smooth curves, especially in computer graphics. The 
curve starts at the first control point and ends at the last control point. The 
gradient of it at the starting point and ending point can be controlled the control 
points. However, no matter how the control points are modified, the curve is also 
enveloped by the convex hull of the control points. 
The idea of Bezier curve is illustrated in Figure 16. The blue circles indicate the 
control points for the Bezier curve, the gray triangle is the convex hull and the red 
curve is the generated Bezier curve. Advantage of quadratic Bezier curve for 
skeletal interpolation is that the initial and end gradients of the curve follows the 
direction C2-C1 and C3-C1 respectively. The general form of Bezier curve is 
Y l / i CD 广'(1 - 仏 for t 6 [0,1] (2) 
where Pi are the control points, t controls the position of point along the curve and 
n is the order of the Bezier curve. 
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Figure 16. Illustration of quadratic Bezier curve 
3-2. ALGORITHM 
This skeletonization is based on approximation of pattern. The algorithm has 
several procedures, including edge sampling, triangulation and mesh modification, 
triangle filtering and replacement, internal edge refinement and skeletal 
interpolation. 
3.2.1. Edge Sampling 
The shape boundary is extracted and discretized by uniform sampling. If the 
sampling interval is too large, the features of a shape may be mistakenly neglected. 
These features are the boundary turning nodes and should be extracted 
independently. They are located at sharp comers, which have the local maximum 
of gradient change. The gradient change of boundary can be approximated as: 
A 5 ( t ) = ( 5 ( t + 5) - 2 B ( t ) + — s ) ) / s 2 , for t=l, 2，3…n (1) 
where B(t) is the function of vertexes in the pattern boundary and s is scalar 
parameter representing the sampling interval. However, there exist many teeth in a 
lumpy shape, causing ambiguous indication of turning nodes. To eliminate such 
effect, those of small gradient change should be excluded. The remaining turning 
nodes are classified as concave or convex corners. A convex comer is the pinnacle 
of a salient. It is also a branch terminal of a skeleton. A concave comer is the tip 
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of a re-entrant boundary, which is the vertex of an intersection region. The 
boundary is split by turning nodes. The boundary between two turning nodes is 
called edge segment. 
Convex corners are the terminals of branches. JTs should be created between the 
branches for connection. Along the edge, if a sample point is not found in an edge 
segment, JT cannot form to be a joint of the skeletal branches. This means any 
cascaded turning node must be prevented. A mid point in the edge segment is 
inserted to be an additional sample point. Besides, there would be some closed 
pattern, which has no sharp corner. Figure 17(b) shows two examples, which are 
circle and a slick shape. These shapes have no apparent connectivity. The pattern 
center is extracted to be a point skeleton. 
Then, the skeletal axis is obtained using the sampled boundary. However, the 
locus of symmetry points cannot be extracted directly. The sampled points may 
not find its counterpart to accord SLS. They are triangulated to segment the shape. 
The fragments are further processed to improve the accuracy of medial axis 
extraction. 
convex / 广 \ / \ 
, / \ Center J / comer / w 
f^�VJVJ 
\ concave comer V^ 乂 
(a) (b) 
Figure 17. (a) Two types of turning nodes: convex and concave corners and (b) 
examples of shape with no turning node 
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3.2.2. Triangle Modification 
After triangulating the sample points, the triangular mesh may not be created 
properly as expected. Some triangles ambiguously separate the branches and this 
critically reduces the quality of a skeleton. Especially in CDT，many triangles 
would form in the same edge segment. So, the triangles should be reorganized 
partially. 
Triangle modification, also called flipping algorithm, is applied to two adjoining 
triangles for internal edge alternation and vertexes interchange. For instance, the 
triangles must have a convex hull (dot line) formed by all the four vertexes in 
Figure 18(ai). The triangles are first merged into a quadrilateral and are re-sliced 
into two triangles along the isolated corners. A modified triangle pair is shown in 
Figure 18(a2). In case the convex hull is a triangle and there is a vacancy in it 
(Figure 18(b)), the interior triangles are not able to merge and re-slice into two 
separate triangles. 
\ — \ 悬 \ — 7 
��� •••••••• \ , , vacancy 
(ai) (a2) (b) 
Figure 18. Triangle modification: (a!) convex hull of the triangle pair, (a�） 
modified triangles in Figure 18ai and (b) triangle pair with a vacancy 
Three typical cases of triangle modification are shown in Figure 19. The white 
circles indicate the concave and convex corners and the black circles are the 
regular sample points. The first case occurs in the intersection region (Figure 
19(ai)). The gray triangles enlarge the intersection region and the skeleton 
2 6 
Chapter 3: Skeletonization Based on Delaunay Triangulation and Bezier Interpolation 
branches may join in the position. It should be modified to be that in Figure 19(a2). 
In Figure 19(bi), more than one triangle comprises the convex comer. Two ETs 
appear which leads to superfluous skeleton branches. The triangle modification 
should reduce one of the triangles connecting to the convex corner. If there are n 
triangles connected to the convex center, the process should be performed n-1 
times so that the convex center becomes the isolated vertex in the ET (Figure 
19(b2)). In some cases, an excessive JT appears due to a spurious branch (Figure 
19(ci)). The JT is modified tautologically with its neighbor triangles in the 
spurious branch. The resultant should have no JT as shown in Figure 19(C2) 
(ai) (b.) (ci) 
(a2) (bz) (C2) 
Figure 19. Three types of triangles modification: (a) intersection region reduction, 
(b) elimination of inappropriate triangles in convex corner and (c) removal of 
spurious branch 
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3.2.3. Triangle Filtering and Replacement 
In the triangulation process, triangles would be formed outside the pattern 
boundary. Most of these exterior triangles can be removed if their centroids are 
excluded from the pattern. The rest of them are failed to be eliminated because of 
the irregular boundary. Exterior triangles are redundant triangles laid on the 
boundary and have two internal edges. They can be removed following specific 
rules. The possible configurations of the exterior triangles are shown in Figure 20. 
Figure 20(a) shows an exterior triangle (gray) that has three vertexes in the same 
edge segment. This may induce two excessive JTs and cause spurious branches. In 
Figure 20(b), the redundant triangle has two vertexes in an edge segment and one 
vertex at a turning node. The terminal feature of a convex corner would be 
wrongly removed. For a redundant triangle connecting to a concave corner 
(Figure 20(c)), the intersection region is enlarged and thereby the skeletal 
structure is distorted. The exterior triangle has a vertex at a concave comer and it 
conceals the concave corner. The last case is that triangles are generated in three 
edge segments or even three different edges. The shape shown in Figure 20d 
contains a thin crevice. The gray triangles are the redundant triangles split by the 
shape boundary (dot line). 
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Figure 20. Configurations of redundant triangles. Triangles should be filtered with 
(a) vertexes in the same edge segment, (b) two vertexes in the same edge segment 
and the other vertex is a turning node, (c) two vertexes in different edge segments 
and one vertex in-between concave corner, and (d) triangles with three vertexes in 
different edge segments. 
Some vacant regions may be induced in the triangle removal process. In Figure 
21 (a), a triangular vacancy is generated as two external edges and a missing edge 
(dot line). A triangle should be replaced to the region at shown in Figure 21(b). It 
first searches the triangles, which share a common isolated vertex (indicated with 
gray). The other vertexes are in the same edge segment and are extracted from the 
triangles. The three vertexes form an NT to replace the vacancy. 
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Vacancy 
(a) (b) 
Figure 21. Triangle replacement: (a) vacancy in a shape and (b) the corresponding 
replaced triangle. 
3.2.4. Internal Edge Refinement 
The triangular mesh is enveloped by the boundary after replacing the misarranged 
triangles. Nevertheless, most of the internal edges on each triangular grid are not 
accorded with the SLS criterion, as shown in Figure 22(a). Their gradient vectors 
at the corresponding boundary points (arrows at the boundary) cannot form the 
same interior angles with the internal edge. So, the edge should rotate to minimize 
the difference in interior angles. If the angle at vertex A is larger than the angle at 
B, the edge rotates anti-clockwise, and vice versa. The angle differences can then 
be reduced and all the internal edge becomes SLS (Figure 22(b)). The mid-points 
of internal edges are extracted as a sampling point in the medial axis. 
Moreover, the gradient of convex comers should also be evaluated for curve 
interpolation. This gradient is assumed to be perpendicular to the intersecting 
internal edge close to the corner. There exists two intersection points, as C and D 
in Figure 22(b), apart from the comer in different direction along the boundary. 
They are connected to form an additional internal edge, Ea. The convex comer 
then connects to the center of Ea as the terminal section of the skeleton. 
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(a) (b) 
Figure 22. Illustration of internal edge refinement: (a) internal edge rotation and (b) 
the edge-refined pattern with an additional internal edge. 
3.2.5. Skeletal Interpolation 
The centers of the internal edges are only sampling points, and so they should be 
interpolated to obtain a connected skeleton. Previous research project applied the 
linear interpolation, which may cause obvious inconsistency with the target 
skeleton for insufficient sampling rate. Our approach adopts the Bezier curve 
because it can estimate a curve with small curvature changes. To preserve the 
gradient at the internal edge centers, the intervals between two edge centers are 
connected piecewise. The piecewise Bezier interpolation of skeleton is shown in 
Figure 23. 
The skeleton branch is interpolated using two successive internal edges. The 
internal edge centers are the control points of the Bezier skeleton segment. The 
normal gradient of internal edge is the gradient of the symmetry point locus. If the 
gradients of the edge pair are not parallel, the gradient vectors from the 
corresponding internal edge centers would eventually intersect (Figure 23a). The 
intersection point, Co, is another control point for the Bezier curve. A quadratic 
Bezier curve can be generated using (2). If the internal edges are parallel, two 
more control points should be artificially inserted as illustrated in Figure 23b. The 
control points, Ci and C2, are generated by shifting a margin from the internal 
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edge centers in the normal gradient directions (black arrows). In this case, a cubic 
Bezier is used as the interpolation. 
The junction interpolation is shown in Figure 23(c). Arrows in the figure indicate 
the gradient of internal edge center P and the gradient of skeleton intersection C. 
Depending on the application, point C can be set as the center of intersection 
region or the characteristic skeleton point suggested in [19]. Since a smooth 
skeleton should be generated, two gradient vectors form the same interior angle 
with the line PC. A control point of Bezier curve can be generated by extracting 
the vector intersection C3. Considering also points P and C, a quadratic Bezier 
curve can interpolate a line segment in the intersection region. 
拿 
(a) (b) (c) 
Figure 23. Bezier curve interpolation: internal edges of branch with (a) different 
gradients and (b) same gradients, and (c) junction interpolation. 
3.3. EXPERIMENTS 
To demonstrate the feasibility of the proposed method, an experiment was 
performed using a Chinese character (550x600 pixels) as shown in Figure 24(a). 
The character was segmented into triangles by DT. The misarranged triangles 
were modified to obtain a more precise segmentation. Afterwards, the external 
triangles were filtered by considering their centroids and vertex positions. Figure 
24(b) shows the resultant image of the triangulation. Internal edges were refined 
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by rotating them to fulfill the SLS (Figure 24(c)). The internal edge centers were 
selected to be the sampling points in the locus of symmetry point. In the juncture 
regions, region centers were considered as the connection nodes. The locus was 
then interpolated using Bezier curve. The resultant skeleton shown in Figure 24(d) 
contains no spurious braches and scraggy curves. 
Another experiment was conducted using a high resolution character image 
(500x400 pixels) to compare the proposed method with the other skeletonization 
methods, including ZSM's approach (ZSM) [19] and CDT [24]. Our method is a 
general method for patterns, especially for calligraphies and paintings. Here, we 
use an ‘a’ character as an example. The skeletons are indicated with red color in 
Figure 25 and the computational time is listed in Table 1. The proposed method 
(Figure 25(a)) and CDT with high edge sample rate (Figure 25(b)) obtained the 
better results. However, the edge sampling interval of the latter method was 1/5 
times that of the proposed method. This induces a longer computational time in 
CDT (~36 times of the proposed method). Figure 25(c) shows the skeleton 
extracted by CDT with the same sampling rate the same as the proposed method. 
Although the processing time was slightly shorter, the skeleton is not precise. It 
was constructed with ragged curves. The result in Figure 25(d) is obtained by 
ZSM [19]. Although the skeleton is smooth and accurate, there are spurious 
branches at the tips indicated with arrows. The inaccuracy would potentially cause 
errors in the applications of pattern recognition. The processing time was ~3 times 
longer than the proposed method. 
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Figure 24. Experiment on a Chinese character: (a) the original pattern, patterns 
after (b) Delaunay triangulation, (c) internal edge refinement and (d) 
skeletonization 
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Figure 25. Comparison of different skeletonization methods using character 'a': (a) 
the proposed method, CDT skeletonization with (b) high sample rate and (c) low 
sample rate, and (d) ZSM's approach 
Computational Time [sec] 
The proposed method 1.4020 
ZSM 5.9890 
CDT (Low sample rate) 1.3420 
CDT (High sample rate) 50.3750 
Table 1. Computational time on ‘a’ using different skeletonization algorithms 
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3.4. CHAPTER SUMMARY 
In this chapter, a skeletonization method capable of generating smooth skeletons 
with relatively low sampling rate is presented. It is applicable for high resolution 
patterns. This method is based on Delaunay triangulation for pattern segmentation. 
Afterwards the triangular mesh is modified to remove the spurious branches and 
enhance the segmentation quality. Bezier curve technique is used for skeleton 
interpolation. Therefore, the skeleton can be resized and scaled to adapt different 
applications. Moreover, the outputs of traditional methods are in the form of 
pixels, while the proposed method outputs the control points. This method can 
also be adopted in some applications requiring low memory storage, especially in 
mobile devices. 
Experiment demonstrated that the proposed method can effective skeletonize 
shapes even with ribbon-like boundary. The proposed method was also compared 
with the different existing methods numerically. It shows that such method can 
perform efficient and high quality skeletonization. The computational time was 
� 3 5 times faster than the skeletonization using CDT, with the same quality of the 
output skeletons. 
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Chapter 4: STROKE SEGMENTATION FOR 
CHINESE WORDS 
The main challenge for this problem is to reconstruct the connections of strokes, 
which are concealed by the stroke intersections. Traditional image segmentations 
are techniques to extract particular objects from a color image. So, they are not 
related to our application. Besides, stroke segmentation is a popular topic, which 
has been investigated by many research groups ([27]-[44]). They are focusing on 
segmentation for signature, which are not applicable to calligraphies. For these 
reasons, it is essential to have a new approach for Chinese calligraphy. 
A new skeletonization method is proposed for fast medial axis generation in the 
chapter 3. It is obvious that the medial axis obtained is similar to stroke axes, the 
medial axis of each stroke, in a Chinese word. Many stroke segmentation 
algorithms for Chinese words ([38]-[44]) consider this axis to be the dominant 
information to determine the connectivity of stokes. However, the algorithms 
would have a higher potential to segment wrong strokes, as only the medial axis is 
considered to be the information to determine stokes. Some of them apply the 
skeletonization of pixel-removal approach, which would be hard to find the 
corresponding stroke segments of each skeleton branch, especially to words with 
large stroke width. Their computational time would also be due to the slow pixel-
removal skeletonization. 
In this chapter, we discuss the method for segmenting strokes from a Chinese 
word image, which uses some fundamental rules in structure of Chinese words 
and observations in general writing-styles of Chinese calligraphies. So, it would 
segment strokes correctly in most cases. This method is developed from the 
skeletonization method mentioned in the previous chapter. It is based on the 
refinement of the modified triangular mesh obtained from Delaunay triangulation 
and the suggested triangular modification. 
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4.1. RULE-BASED SPURIOUS BRANCHES REMOVAL 
In the proposed skeletonization method, a pattern is triangulated into triangular 
mesh and it is split into branches with JT separated. Spurious branches (SBs), 
which have short medial axes, are the branches that caused by rugged pattern 
boundary that has relatively large gradient change. However, turning points 
(convex corners and concave corners) are determined by comparing the gradient 
change. This means if gradient change thresholding value is too large, some of the 
turning points would be neglected which causes omissions of some important 
strokes; otherwise, if the thresholding value is too small, there would be many 
spurious branches generated. To alleviate such problem, some of the convex 
corners are filtered. 
In Figure 26, it shows some fundamental strokes for Chinese words. The convex 
comers are indicated with red circles, and the concave corners are highlighted 
with blue circles. It is obvious that Figure 26(a)-(k) are single strokes, while 
Figure 26(1) shows a compound stroke. The single strokes should contain only 
two convex corners, i.e. one for the starting terminal and the other for the ending 
terminal, the others are SBs, which are indicated by arrows in the figures. So, 
except Figure 26(a), the other strokes also have to remove some of the branches. 
SBs are short branches that bifurcate from the main medial axes. These 
bifurcations are not essential parts to describe the shape of the source pattern/word. 
They can be basically summarized into two general types: spurious branch in 
stroke terminal and spurious branch caused by turning stroke. 
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(b) (c) (d) 
(e) ( f ) (g) 
\ L ^ 
(h) (i) (k) 
1 n 
(1) (m) Figure 26. Fundamental strokes for Chinese words 
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4.1.1. Spurious Branch in Stroke Terminal 
The first type is the branches generated in terminals, which are caused by special 
motion of calligraphers, to ensure the smoothness of the terminal boundaries. So, 
they may not exist in a Chinese word depending on the styles of Chinese 
calligraphy and the character of the calligrapher. The typical cases of this SB type 
are indicated using green arrows in Figure 26. Generally speaking, these SBs are 
close to the terminals, and would have smaller gradient change comparing to the 
convex comers at terminals. The JTs connected to this kind of SBs does not have 
concave comers in their vertices. And the SBs would be found in all types of 
stoke as, since all types of continuous stroke have two terminals. As an example, 
we use the stroke in Figure 26(b) to illustrate the idea. The triangular mesh of 
Figure 26 (b) is shown in Figure 27(a). The blue triangles are ETs and the red one 
is JT. To estimate the lengths of the medial axes in each branch, the mid-points of 
unrefined lEs of the NTs are connected to form a medial axes, which is illustrated 
by green lines in Figure 27(b). Although the lEs are not rotated as mentioned in 
Chapter 3，it is observed that these approximated medial axes can conjecture the 
medial axes. In this example, the strokes have totally three branches and two of 
them (SBl and SB2) are relatively short. So, the short ones are undergone SB 
filtering to remove those unsuitable branches. 
Since one of the SBs is starting or ending terminal, which often has a sharper 
corner, we should choose the one with larger gradient change. So, SB 1 is selected 
in this case and SB2 is removed by the flipping algorithm. Therefore, the triangle 
in SB2 is merged with the JT and re-split into two NTs. As a SB is removed, there 
are only two convex corners remaining in the stroke and no medial axis branches 
are formed. However, the flipping algorithm, sometimes, may not guarantee to 
remove the SBs. If they do not form a convex hull (gray dot lines) with the 
neighbor triangle that has four vertices (Figure 28(a)), there is a vacancy found 
within the convex hull after merging the triangles. A new triangle fully occupies 
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Figure 27. Example of spurious branch: (a) Triangular mesh of the stroke in 
Figure 26(b) and (b) linearly interpolated medial axes of branches 
the convex hull is generated to replace the SB and its neighborhood as shown in 
Figure 28(b). This method would reduce the clarity of shape representationin that 
region due to the decrease in the number of boundary sample points. But, if the 
SB is removed, it would improve the overall quality of the approximated 
representation as the SB is found to be neglected information. After replacing the 
triangles, the SB may still exist if the SB contains more than one triangle. Then, 
the triangular branch is flipped using the flipping algorithm to entirely remove the 
branch. Similar to the flipping algorithm applied in the triangle modification in 
the proposed skeletonization method, the number of flipping is equal to the 
number of triangles in the branch. The reason is each flipping reduces one triangle 
in the branch. In Figure 28(b), two triangles remain in the branch, so two flipping 
is used to eliminate them. And in the first flipping, the NT connected with the JT 
(red) is flipped. As the SB reduce one triangle, another branch connected to the 
same JT gain one triangle. Therefore, this would shift the JT to the end of the SB, 
and finally both the JT and the SB disappear. The flipped triangles, shown in 
Figure 28(c), are indicated with yellow color. 
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^ (a) (b) (c) 
Figure 28. Illustration of spurious branch removal: (a) non-removed spurious 
branch, (b) triangle replaced mesh and (c) combined and flipped triangles 
4.1.2. Spurious Branch Caused by Turning Stroke 
The other type of SB is caused by the turning motion, which is abrupt direction 
change, in stroke trajectory. In other words, it originally exists in the structures of 
Chinese words. This kind of SB can be found in the strokes shown in Figure 26 
(f)-(m). They are illustrated using brown arrows. Comparing to the SB in stroke 
terminals, this type of SB is more complicated to be classified. Since it has many 
possibilities to case this SB type, they are generalized into three cases. 
The first case is shown in Figure 26 (f). It comprises a vertical stroke and a stroke 
which is nearly horizontal as that in Figure 29(a). The SB is generated when the 
calligrapher is turning the brush to draw the inclined stroke after drawing the 
vertical one. Also, in the triangular mesh, the JT often has a concave corner due to 
the change is stroke direction. To search this SB, we consider the branches 
connected the same JT. Apart from the SB, there are two branches split by the JT. 
One is a straight stroke branch which form an angle around 75 -105 deg to the 
horizon, and the other stroke leans about 15-45 deg to the horizon. The lengths of 
both stroke branches are not significant to decide if SB exists, because this stroke 
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appears in different words. The positions of the stroke and lengths of the branches 
are varied depending on the structure of the word. 
Figure 26 (g)-(k) shows another type of SB. It has a short branch connected with 
the same JT in the triangular mesh. However, it is different from the SBs in stroke 
terminals. The features are shown in Figure 29(b). One of the vertices in the JT 
(red) of the SB is a concave comer, which is not located between the convex 
comers. Referring to the Figure 26 (g)-(k), the angle direction of the comer in the 
short branch should have a reference range, since it can be observed that the 
angles are pointing upwards. However, in Chinese calligraphy, the angles may be 
varied due to the style and creativity of the calligrapher. Therefore, it is not 
limited by a specific range. 
Figure 26 (k)-(m) is the third case. The characteristic of these strokes is they have 
an ET with a convex corner pointing to the right side. An example is shown in 
Figure 29(c). Since the basic rule for Chinese word states that strokes are written 
from the top to the bottom and from the left to the right, the stroke should be 
written as the direction illustrated in Figure 29(c). Therefore, a horizontal stroke 
branch is connected to the top edge of the JT and another one with medial axis 
gradient pointing down the from the bottom edge of the JT. For the SB, the angle 
direction is supposed to be within -90 to 135 anticlockwise to the horizontal axis. 
4 3 
Chapter 4: Stroke Segmentation for Chinese Words 
I t 一 、 
w H I Concave ^ ^ Direction 
• B Comer ^ J B T 
� W (c) 
Figure 29. Three General cases of spurious branch in turning stroke 
The SB removal is applied to Chinese word to find out SBs. When all the SBs are 
classified, the triangular mesh is conducted using internal edge refinement as 
mentioned in Chapter 3. So, the mesh is converted to be internal edges. It is a 
clear shape representation, since the internal edges are cross-section lines that 
cutting the boundary. They contain the information of medial axes and the 
gradients of boundary at the example points. 
4.2. STROKE CONNECTIVITY DETERMINA TION 
The previous section shows how to modify the triangle mesh of the fundamental 
strokes to be desired shape representation. However, in a Chinese word, the 
strokes intersect each other to form a complicated structure. The intersecting 
regions separate a word into individual branches, which signifies that strokes are 
not apparent to be obtained. To fully segment strokes from a word, it is required 
to consider the connectivity between the branches and choose those with larger 
tendency of connection for merging. Therefore, it is an optimization problem to 
search the branches with specific relationships. In other words, the branches have 
relatively small differences in some factors. The factors for stroke connectivity 
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determination include gradient of medial axis, gradient of branch boundaries and 
branch widths. 
4.2.1. Gradient of Medial Axis 
As mentioned, medial axis is used to determine stroke connectivity, since it is an 
essential way for morphological representation. Referring to the strokes show in 
Figure 26, if branches in a stroke are not generated by turning motion of 
calligraphers, their medial axes are normally with limited gradient change. Also, 
considering the structures of Chinese words, it seldom has strokes intersecting in 
the stroke turning part, which would generate second type of SB. Therefore, those 
branches with similar gradients and connected to the same intersection region are 
classified to be components of a stroke. 
An example in Figure 30 is shown as illustration. Figure 30(a) is a horizontal 
stroke, which is one of the fundamental strokes in Chinese words. The green line 
is its medial axis and the arrows indicate the gradient direction. It is a horizontal 
line which indicates the stroke direction. A Chinese word with a horizontal stroke 
is shown in Figure 30(b). In the red box of the figure, the intersection region 
displays as a cross shape. Although the connectivity of the horizontal stroke is 
blocked by the intersection region, it can also be observed that the word comprises 
two strokes, a vertical stroke and a horizontal stroke. The reason is there are two 
pairs of medial axes, and each of the pair has two branches with similar gradient. 
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(a) (b) 
Figure 30. Illustration of stroke connectivity determination based on medial axis 
gradient: (a) a horizontal stroke and (b) a Chinese word with the stroke in Figure 
30(a). 
However, some branches would be incorrectly matched, if the gradients are 
directly compared. A case is shown in Figure 31(a). The medial axis directions of 
two branches are pointed with green arrows. The branches have close gradients 
and extend from the same intersection region, they, however, are two separated 
strokes. Hence, another method, which is illustrated in Figure 31(b), is used to 
compare the gradients of branches. A reference line, indicated in yellow, connects 
the terminals of the branch medial axes. The gradient difference is the summation 
of the angles (blue) between the reference line and the medial axes. After drawing 
the reference line, it is obvious that the branches do not belong to the same stroke, 
since there is spacing between the medial axes. If we extend the axes in the arrow 
directions, they do not have an intercept point in short distance. 
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(a) (b) 
Figure 31. Comparing method of medial axes gradient: (a) example of unmatched 
branch and (b) illustration of the method 
4.2.2. Gradient of Branch Boundary 
Except gradient of medial axis, gradient of branch boundary is also considered to 
be utilized for branch matching. After the triangle modification and internal edge 
refinement, a word is split into many branch segments. Branch boundary is part of 
their boundaries that line on the contour of the original word. It is also boundary 
segments of the original word. Therefore, if the branches, connected to the same 
JT, belong to the same stroke, their branch boundaries are also part of the stroke 
boundary. Since the branch boundaries are only separate by the intersection region, 
which is often a short distance, the gradient change would not be too large. The 
advantage of adopting this factor is that it can also be applied to branches with 
imprecise shape representation. Stroke matching which only uses gradients of 
medial axes requires high accuracy in founding the axes. However, uncertainties 
may exist when rotate the internal edges in the triangular mesh, due to the 
boundaries are not perfectly smooth. This problem is more critical, if the word is 
low resolution or it is written by calligraphists (not computer fonts). So, branch 
boundary provides additional information alleviate the problem caused by the 
error in medial axis. 
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This method is shown in Figure 32. Figure 32(a) is an example showing a case 
that may cause mistake to find the corresponding branches. An intersection region 
in the left side of the word has three branches, and the green arrows indicate the 
gradients of each branch. The bottom branch, B3, has similar gradient differences 
to the other branches (Bi and B2), which is equivocal to match them. In contrast, if 
we consider the branch boundaries, it would be more obvious to determine which 
branches are actually connected. In Figure 32(b), the branches of the intersection 
region are indicated with arrows to show the directions of branch boundaries. The 
red arrows are the gradients of branch boundaries in the same stroke, while the 
blue arrows are the boundary directions of the isolated branch. 
To find the gradient difference between the boundaries, the scheme suggested to 
comparing medial axes is used. The reason is that if a continuous stroke boundary 
is separated by an intersecting branch, like the one in Figure 32(b), there is a short 
distance between the boundary segments, which would induce gradient difference 
in the segments. If a boundary segment in another branch has similar gradient 
which would give a smaller difference in gradient, incorrect stroke connectivity 
may occur. 
� 
Figure 32. Figure showing branch matching using gradient difference of branch 
boundaries: (a) a Chinese word with an indicated intersection region and (b) the 
directions of its branch boundaries 
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4.2.3. Branch Width 
In addition to the bases above, branch width is another factor to affect the stroke 
connectivity. Imagine that, in an intersection region, if two branches belong to a 
stroke, the width would not change much. Similar to the case for gradient of 
branch boundary, stroke width is often uniform in a short range. Although the 
gradients of medial axes and branch boundaries can solve most, branch width 
would improve the contrast in the rating of determining which branches should be 
connected. 
Figure 33 shows an example which would be ambiguous to decide the 
corresponding branch pair. Figure 33(a) indicates that the gradients of medial axes 
(green) and branch boundaries (red) in each branch. It is found that no matter 
comparing the medial axes or branch boundaries of B3 to that of Bi and B2，it 
would also give similar gradient differences. According to Figure 33(b), if 
branches widths are compared, the result is clearer, as Bi and B3 closer width (wi 
and W3) and B2 has a relatively small width (W2). 
细 J ^ 
� W 
Figure 33. Comparing branch widths for stroke matching: (a) and (b) widths of 
each branch. 
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4.2.4. Combined Objective Function 
After combining the three factors above, the objective function F�bj for branches 
matching can be written as: 
Fobj = (OiAG + a)2AB + WgAW (2) 
where AG is the gradient difference in medial axes, AB is the gradient difference 
of the boundaries of branches and AW is the width difference, which is a fraction 
(larger width / smaller width), co” CO2 and 033 are the weighting for AG, AB and 
AW respectively. (Oi and 0)2 should have the larger values, because the gradient 
differences are dominant to show the relationship between branches. 0)3 is 
comparatively small, since it is adopted as auxiliary. 
Then, the objective function is applied to every two branches in the same 
intersection. When all the scores are derived, we may match those with low scores. 
In some cases, the branches do not have correspondence, e.g. a stroke only 
intercepts other strokes at its terminal, though they are intersected. These branches 
have high scores, which would potentially connect unrelated branches into strokes. 
To prevent the incorrect merging, a thresholding value is used to filter those 
branches before selecting the branches. Afterwards, the remaining branches 
combinations are selected. Those with lower scores have higher priorities. And, 
since there is no redundant matching, the selected branches would not be 
considered to be chosen again. 
The proposed method, basically, can find the connectivity of almost all strokes. 
However, there is a special case, shown in Figure 34，would not be determined by 
the gradients and stroke thickness. Both Figure 34(a) and Figure 34(b) are 
recognized to be the same word. The difference is the red stroke is attached to the 
others in Figure 34(b), while that in Figure 34(a) does not. Therefore, if only the 
proposed method is used, that in Figure 34(a) would be segmented to be one 
stroke and the one in Figure 34(b) would be broken into two. They should be 
matched after using the objective function. If in the same intersection region a 
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horizontal stroke and a inclined stroke (in the direction pointed by the arrow) that 
are not matched with other branches, they are connected to form the stroke shown 
in Figure 26(k). 
水 水 
� w 
Figure 34. A special case for determination of stroke connectivity: (a) and (b) are 
the same word in different forms. 
4.3. STROKE GENERATION 
After determining the connectivity of strokes, the connected branches should be 
extracted as full strokes. Since strokes would have some overlapped regions that 
cannot be directly segment, the regions are generated to retain the stroke 
continuity. There are two cases of the stroke generation. One of them is in stroke 
terminal and the other is between branches. To ensure the smoothness of stroke 
boundary, Bezier curve is utilized for boundary interpolation. Figure 35(a) shows 
a Chinese word comprises strokes that are extracted using both types of stroke 
regeneration. Its segmented branches are displayed in Figure 35(bi), (bi) and (bs). 
It is apparent that strokes in Figure 35(bi) and (bi) belong to the same stroke, 
while the one in Figure 35(b3) is another stroke. 
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人 , 八 
(a) (bi) (b2) (b3) 
Figure 35. (a) A Chinese word with branches that should be created using both 
stroke regeneration methods and (b) its segmented branches. 
4.3.1. Stroke Connection between Branches 
We first discuss stroke generation between branches. The aim of it is to complete 
a stroke. Consider the example in Figure 36, two branches are verified to be 
connected. There is a crevice between them as shown in Figure 36(a). The blue 
arrows indicate the directions of both boundary segments, which infer that the 
segments should be extended in the directions, such that they are intercepted at the 
same point. The interpolation is illustrated in Figure 36(b). The colored circles are 
control points for Bezier curve interpolation. The orange circles are the end points 
of the boundary segments, while the green ones are points shifted from the orange 
circles in the boundary directions. Since it provides four control points, the curve 
is quadratic, which can be derived using equation (1). The generated boundary is 
shown in Figure 36(c). The lines in the figure are cross-section lines of the stroke. 
The gray lines are cross-section lines of both branches and the brown lines are 
generated for ensuring smooth medial axis of the stroke. So, the whole shape 
representation of the stroke can be obtained by combining the cross-section lines 
of the branches and those created. 
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(a) (b) (c) 
Figure 36. Stroke connection between two corresponding branches: (a) the 
intersection region of the stroke, (b) control points for boundary interpolation and 
(c) an interpolated boundary 
4.3.2. Stroke Generation in Stroke Terminal 
A branch with stroke terminal is an isolated branch, so it is not connected with 
other branches. The missing part of the stroke is generated using the information 
of the branch. Figure 37 shows an example of an isolated branch. The blue arrows 
(Figure 37(a)) are the directions of the branch boundaries on both sides. Figure 37 
(b) shows the control points of the Bezier curve. The orange circles are at the 
branch boundaries. Similar to stroke generation between branches, two control 
points are extended from the directions of the branch boundaries. The interpolated 
stroke terminal is shown Figure 37(c). The red point is the mid-point of the 
interpolated curve, which is also the end of medial axis. To obtain the shape 
representation, the cross-section line of the generated part should be added to the 
stroke representation. The gray is a cross-section line of the branch, the brawn 
lines are generated. They are searched along the curve by shifting the points of the 
gray line with a constant distance. 
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(a) (b) (c) 
Figure 37. Stroke generation in stroke terminal: (a) the terminal to be generated, 
(b) control points 
4-4. EXPERIMENT USING INTELLIGENT ROBOTIC ART 
SYSTEM 
To examine the proposed stroke segmentation method, it is used to extract the 
strokes in one of Bada Shanren's calligraphies. The segmentations of words are 
shown in Appendix. The result shows that the proposed method can segment most 
of the intersection region. 
One of the words shown in Figure 38 is discussed in detail. Figure 38(a) is the 
original (binary) word. It is first triangulated using Delaunay triangulation and 
becomes a triangular mesh. The mesh is first modified, like the process in the 
proposed skeletonization method, to group the JTs into an intersection region and 
remove the inappropriate ETs. The further triangle modification is applied, 
following the rules suggested based on the structure of Chinese words, to 
eliminate spurious branches. The mesh after the modification is shown in Figure 
38(b). The internal edges of the mesh are rotated to accord with the SLS (Figure 
38(c)). Since spurious branches are removed, the remaining branches are merged 
to form full strokes. Their connections are determined using equation (2), which is 
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(c) (d) 
Figure 38. A Chinese word analyzed using the proposed stroke segmentation 
method: (a) original word, its triangular mesh, refined internal edges (cross-
section lines) and the medial axes of the segmented strokes. 
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an objective function includes the score of gradient differences of medial axes and 
branch boundary and the difference in branch width. The lower score indicates the 
higher tendency of connection. So, the branch pairs with lower scores are merged 
to form stroke branches. The mid-points of refined internal edges in the same 
stroke are joined to form the medial axes of a stroke as shown in Figure 38(d). 
Then, the strokes are generated from the stroke branches using the stroke 
generation method. The boundaries are created using Bezier curve, so it retains 
the boundary smoothness. Figure 39 shows the segmented strokes from the 
Chinese word in Figure 38(a). Afterwards, the segmented strokes are then 
⑷ （b) (C) (d) (e) 
、 
(f) (g) 
Figure 39. The segmented strokes of the Chinese word in Figure 38(a) 
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executed using IRAS. In this experiment, since it is a preliminary test, only the x, 
y and z axes are activated, and the other rotational joints are disabled. A non-hairy 
brush is used to write the words with constant brush insertion into the paper, the 
output, therefore, would have constant thickness. The original Bada Shanren's 
calligraphy is in Figure 40(a). As discussed above, the words are segmented. The 
medial axes of the strokes are converted into commands and feed into IRAS for 
execution. Figure 40(b) shows the mechanical output written by IRAS. The result 
can approximately emulate the shapes of words. However, one of the essences in 
Chinese calligraphy is the varying stroke thickness. Constant thickness would 
reduce the aesthetic feeling of the calligraphy. Normal non-hairy brush can only 
generate strokes with limited thickness, which is not sufficient for performing 
professional Chinese calligraphies. This is one of the reasons for the necessity of 
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4.5. DISCUSSION 
The experiment results show that the proposed stroke segmentation is capable to 
segmented strokes Chinese words. Figure 41 shows examples of correct stroke 
segmentation, which are marked using red circles. In intersection region IRi and 
IR2, although the gradient differences in medial axes are not apparent, due to the 
gradient differences of the branch boundaries are considered to be an additional 
factor. Moreover, there are four branches intersect in the same region in IR2. Only 
two of them are connected, since the isolated branches do not have scores small 
enough to match with other branches. They are filtered by the score threshold. 
f 奢 I 纖 I 
I .:• 乂. Z 
� ‘ i." 
� （b) 
Figure 41. Indication of some intersection regions that the strokes can be 
accurately segmented 
After searching SBs，they are normally removed by the suggested triangle 
modification method. However, there are still some situations that cannot be 
distinguished. They are shown in Figure 42. In Figure 42(a), the intersection 
region in the blue circle is connected with four branches. The stroke 1 and stroke 2 
are identified to be in the same stroke, since the gradient change of the medial axis 
5 9 
Chapter 4: Stroke Segmentation for Chinese Words 
is small，the other factors does not strong enough to show the branches are 
actually disconnected. Besides, the blue circles in Figure 41(a) and Figure 42(b) 
highlight branches, which should be split into two separate branches. However, 
the gradient changes of the branch boundaries are not large to be recognized, and 
no convex corners are found. Therefore, Intersection regions are not formed to 





Figure 42. Chinese words with inaccurate stroke segmentation 
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Chapter 5: EXPERIMENTAL ACQUISITION 
OF BRUSH FOOTPRINTS 
Typical brush footprint models 
are used as a virtual brush ([45]- Hairy ^ s h Glass Plane 
[49]). It works with input devices A < r / [y 
to input human hand motion and j C j j ^ C 
generates brush strokes. As an // ^ 
example, the brush model in [45] ! _ U V U 产 \ 
/ O L � A 
is proposed to consider the cross- V j j 丨 | 
section of a brush to be an ellipse. ^ 
Applying different pressure, the CCD Camera 
size of the ellipse is affected and 
changes the width of the stroke. Figure 43. Illustration of pervious footprint 
However, this kind of conceptual acquisition method. 
model does not base on real data, which would not be able to predict the shape 
variation of actual brush footprint. 
To use real footprint information for the previous 3-DOF configuration, the 
representation of brush footprints by a database of footprint images was proposed 
to acquire a model. The conceptual idea is illustrated in Figure 43. A brush is 
moving and contacting on a glass surface with different pressure level. Since the 
glass plane is transparent, a camera is setup at the bottom of the plane to capture 
the shape of the varying brush footprint. As both events are synchronized, the 
system would accurately capture the change of footprint caused by the brush 
deformation on glass plane. 
However, we discovered that the previous brush footprint database acquisition 
method may not applicable to the recent 5-DOF robot. The deformation of a brush 
is critically determined by both the pressure exerted by the robot and the friction 
from the contacting surface. It is undoubted that the former factor is stably 
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influenced by the motion of the manipulator. However, the friction to the brush is 
changed, if alternative materials are used to be the horizontal plane. So, to control 
the brush deformation, paper should be used to be the horizontal plane. Moreover, 
this model is formed by image database. It is discrete to the change of parameters, 
like inclination and pressure level. The resolution of such model mainly depends 
on the number of captured footprint images, which limits the adaptation for 
motion planning of the art robot. Also, the image database records the whole 
footprints. When it is applied to search trajectories in a Chinese calligraphy or 
painting, the entire shape of a footprint is mapped on a stroke. It would reduce the 
efficiency of the trajectory search process. 
5-1. BRUSH FOOTPRINT EXTRACTION 
Brush footprint is, basically, a water-droplet-like shape with a sharp tip. The 
proposed brush footprint acquisition method is, in principle, to approximate the 
shape. Hence, the shape boundary can be represented by several sample points. 
The positions of the points are varied when the pressure level and brush 
inclination are changed. Therefore, it is considered to be a mathematical model 
with several continuous functions obtained using curve fitting technique. Since 
the boundary is sampled, this approach would speed up the computational time for 
stroke path searching. Besides, as mentioned, the footprint image database does 
not contain continuous information of the brush footprint. The proposed model 
interpolates all the sampled points to entirely estimate the shape. To examine this 
method, the brush is constrained moving opposite to the direction pointed by the 
brush tip (opposite brush tip direction) to simply the problem. 
When the brush is first pressed on a surface, the shape of the footprint is affected 
by the hairy brush. Some of the hairs are bent for a short period until the brush 
moves to refine them. Therefore, the model should predict the shape of footprint 
during motion, instead of the one in non-steady state. Figure 44 shows the 
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methodology to ensure the brush is in steady state (constant shape). The brush is 
first moved on the paper and adjusted to the required inclination, such that the 
brush tip is touching the on it (Figure 44(a)). Then, the manipulator move in the 
opposite brush tip direction and press it down to increase the pressure as shown in 
Figure 44(b). The brush further move in this direction until it locates in the 
desired position (Figure 44(c)). 
/ .JJ 
一 ^ ^ ^ 一 
一 -
� W (c) 
Figure 44 (a)-(c). Images of brush motion to draw a stroke 
The brush is stopped at the position for several seconds after drawing a stroke. 
This would condense extra ink in the footprint. The deeper color, so the footprint 
would be visualized. This is shown in Figure 45(b). From the stroke in the dialog, 
a footprint is display with darker color. The boundary can be apparently observed. 
The robot continues to draw the strokes with different inclination and applied 
pressure. Each stroke is 50 mm length and separated 20 mm interval (Figure 45). 
When all the strokes are drawn, they are converted into digital image using optical 
scanner. The footprints are sampled with sampled inclination from 5° to 50° every 
5° and with sampled pressure (brush depth) from 1mm to 15mm every 1mm. 
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� W 
Figure 45. Image of (a) drawing by the Intelligent Art Robot for brush footprint 
capturing and that of (b) a brush footprint 
5.2. GRAPHICAL INTERFACE FOR INPUTTING SAMPLE 
POINTS OF BRUSH FOOTPRINTS 
After capturing the brush footprint, a graphical user interface (GUI), which is 
shown in Figure 46, is used to input the data points of the footprints. Although the 
brush footprints can be observed to have a boundary separated from the 
background, it may not be easy to extract the foreground (the footprint) 
automatically by thresholding or other boundary extraction technique as the color 
of the footprint is determined by the optical input device and the density of the ink. 
The GUI provides an essential manner to manually input the specific points in a 
footprint. 
In the GUI, the calibration panel controls the unit (i.e. mm/pixels) of an image. To 
make sure the unit is accurately input, an image containing a straight line with 
constant length is opened in the GUI. Both terminals of the line are selected by 
users. With the information, the GUI would calculate the required unit for input 
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images. Moreover, the parameter selection panel is used to change the brush 
footprints with different parameters (inclination and pressure level). Once the 
parameters are changed, the image in "Footprint display" is changed at the same 
time to input another brush footprint with the selected parameters. The "Reference 
points" and "Data points" items are used to choose the corresponding points from 
the brush footprint image. When a point is being input, the "data point input 
illustration" panel would indicate which position of the footprint should be taken. 
Once a point is chosen, its coordinate is displayed in reference/data point panel to 
indicate that the point is obtained. Also, an "o" sign is also drawn on the brush 
footprint display at the position of the data point. Therefore, users can make 
should that data points are accurately input. 
n r * " — — — — M B — T i i f f i r r ‘ t-'-^ i-'"'*' 
； . : i m mm ^ Unit Calibration 
.i : IJI "I 丄— _ 1 
iC^ 一 I Panel 
U^NML'. •雄 I 
一 一 a y | 國 ： 每 Lmeters—I 
ISBB 臉胁 J panel 
g P M i U — 
H H f f f M 
y H ^ ‘ ^ ^ ^ ^ Reference points 
卜 W • ； a n d 
j III data points input 
？ < 0 % � I ‘ 8 ^  0 0) Zi 
I FoWVVUI 
j 
Reference line 丨 
^ B ^ Data point 
I input illustration 
H»»t Foelpnnl [ 
Figure 46. The GUI for footprint sample points input 
When the sample points of a footprint is input, the reference points and the sample 
points in the ends of the brush footprints are selected. Two conceptual lines 
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(indicated in red color in Figure 47) are generated to denote the center line and the 
reference line of the footprint. Since the brush is deformed when the robot is 
writing on a surface, the coordinate origin of the brush footprint would not be 
located at the end of the footprint. It can be determined by the intersection of both 
(red dot) lines. Therefore, the coordinate of the data points are the corresponding 
position from this origin. Then, three footprint reference lines are drawing on the 
footprint image to indicate which points in the footprint boundary should also be 
input. As the vertical (red) reference line passes through the data points at both 
ends of the footprint, this reference line is approximately perpendicular. Also, the 
blue reference lines are parallel to the horizontal reference line. Consider a 
symmetric brush footprint, the data points (intersection of the blue reference lines 
and the footprint boundary) are also symmetrical to the vertical reference line. 
D C g — ^ — — — • B B � y h W m • … • z m — — p a a i l 
Kb �-—.——:: _ " 
•';�''.... I 
IBEKBBIHCD 
• 1 I!' I I,丨 A 
• 1 N^ tc^r一 I 
Cwr^rtwUprt 
“ F o o t p r i n t T I ^ S \ Footprint 
Reference l i n e s — 义 sample points 二 ” 
—\w— ^ 
< � « my t "40 ») I t < 1 JO ro) 
? 18) _ 
I hsUEliBHItS 
Intersection of 1 丨 一 
reference lines j 
— ^ — J ^ ^ ^ 
Reference Points 械�� - I | 
Figure 47. Illustration of reference lines after input the reference points and the 
sample points in the two ends of a footprint 
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The sampled brush footprints are shown in Figure 48 and Figure 49. Each 
sampled footprint is illustrated with different colors to indicate the separated 
footprints. Figure 48 shows the footprints varies in pressure level with constant 
brush inclinations. It can be observed that the sizes of the footprints are expended, 
when the brush pressure is increased. For the footprint shown in Figure 49, it 
demonstrates the relationship between the shapes of footprints to the brush 
inclination. The position of the footprint is moving from positive direction to 
negative direction, if the inclination is increasing. In this observation, the 
footprints show a tendency of variation when the parameters are changed. 
Therefore, it also shows that curve fitting technique would potentially 
approximate this tendency. 
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• f f f 譽 
� （b) (c) (d) (e) 
(f) (g) (h) (i) G) 
Figure 48(a)-(j). The sample points of the extracted footprints with change in 
brush pressure level (1 mm-15mm) 
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l l l l l i l l l 
� （b) (c) (d) (e) ( 0 (g) (h) « 
i i l l l l 
G) (k) (I) W (n) (0) 
Figure 49(a)-(o). The sample points of the extracted footprints with variations in 
brush inclination from (5°-50° with 5° increment) 
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5.3. CURVE FITTING FOR BRUSH FOOTPRINT SAMPLE 
POINTS 
After sampling all the data points, a mathematical model of the brush footprint 
can be derived using curve fitting technique to interpolate the data points into 
continuous functions with two parameters, including brush depth and brush 
vertically inclination. Every coordinate should be approximated with an equation, 
so totally 16 equations would be obtained. Genetic algorithm and least square 
regression have been tried. The objective function of the problem is 
n 
t=i 
where V(d,Y) is the objective function, y(d, y) is a data point. V(d,Y) should be 
minimized to obtain an equation that close to the data points. To simplify the 
problem, we consider the equation obtained by curve fitting to be order, and it 
is in form of 
3 3 
二 H a i j d i y j 
i=0 j=0 
where ajj is the coefficient of term i-j, d is the brush depth inserting into the paper 
and Y^  is the brush vertical inclination. 
5.3.1. Curve Fitting Using Genetic Algorithm 
In this problem, the objective of the GA-based curve fitting is to search the 
optimal values of ay, such that the cost function is minimized. The chromosome 
structure used in the GA-based curve fitting is shown in Figure 50. Pj denotes the 
i'h parameter in the order equation. Each parameter is represented by a 16-bit 
floating point number. 
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P i P2 … … Pl6 < > < > < > 
16bits 16bits ……16bits 
Figure 50. Chromosome structure with 16-bit floating point representation in 16 
coefficients. 
The GA-based curve fitting was performed on a PC with Pentium D 3.2GHz CPU 
and 2GB RAM. The program was running using matlab in Windows XP platform. 
The parameters for the GA are shown in Table 2. The initial population size is 100 
chromosomes. Every chromosome is represented by 256-bit floating point 
representation with 16 parameters. And, the searching range of the coefficients is 
within 1 and -1. In the main program, the maximum number of generation is set to 
be 30000. The crossover and mutation rate are 0.7 and 0.001 respectively. 
.GA parameter Value 
Population size 
Chromosome length ^ 
Searching range of coefficients 1 to -1 
No. of generation 30000 
Crossover rate ^ 
Mutation rate 0.001 
No. of combinations in the 2^56=1 iSQ x 
chromosome “ 
Table 2. Summary of the parameters for GA-based curve fitting 
A result for the x-coordinate of point 1 is shown in Figure 51. The computational 
time is 27 hours 38.2 mins. The original fitness is around 2800. Although the 
result converges to fitness of around 500, it cannot be minimized close to zero. 
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GA-based cutve fitting for x-coordinate of pt 1(16 bit parameters) 




！翻. \ _ 
1000 - -
500-
qI 1 1 1 1 1 
0 0.5 1 1.5 2 2.5 3 
Generation ^ 
Figure 51. The fitness of GA-based curve fitting in each generation 
5.3.2. Curve Fitting by Least Squares Regression 
According to the fitness of the GA-based approach, it is failed to find equations to 
fit the data points. Therefore，least squares regression [50] is used improve the 
problem. Consider the equation obtained by curve fitting to be: 
m 
y(t)=^(biuO 
i = l 
where u^  = z^y^ (z is the pressure level and y is the brush inclination) 
Let e = |>i ... bmV md(p = …^mY, 
Therefore, y(t) = (p^Q 
Let 9 be the estimated parameters and y ( t ) = be the predict output 
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In this problem, the least square errors of the data points are being minimized. In 
another words, it is to minimize the objective function: 
/ n \ 
m i n ( V ( 0 ) ) = m i n V c y M - y ( t ) ) 2 
Vfe； / 
When V(0) is minimum, ^ ^ ^ = 0 
I 
00^0 = y(t)(p(t) ^ ^ ^ ^ ^ ^ ^ 
Where 0 = [(p(l) ... (p(n)] for m < n 
, n \ 
§ = ( 0 0了 ) - i y y ( f ) ( p ( t ) Figure 52. Indication o f 
/ sample points 
After solving the equation above using the data points of brush footprints, 16 
equations were obtained. The equations and the data points are compared. The 
sample point number is indicated in Figure 52. The maximum errors between 
them are shown in Table 3. The errors are small, which implies that the equations 
can be used as mathematical model for the brush footprint. In point 1 and point 5， 
the errors of y-coordinates are relatively large. However, it is observed that the 
large error is caused when brush depth is at the maximum of the range, i.e. 15mm. 
So, the range for brush depth is reduced to 0 to 14mm to prevent excessive error 
in the trajectory for IRAS. 
Point I Point 2 Point 3 Point 4 Point 5 Point 6 Point 7 Point 8 
X 1.1152 1.2467 1.151 1.5594 1.657 1.4953 1.6713 1.6347 
y 2.4187 1.3353 1.4956 1.9578 3.484 1.8483 1.4353 1.4490 
Table 3. Maximum error compared with the sampled points (mm) 
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5.4. DISCUSSION 
When GA was applied to curve-fit the sample points of brush footprints, the cost 
function did not converge to zero, and become stable at a high score. The reason 
for the failure is that the number of combinations in the chromosome is too large 
to search the global optimal solution. The total combination number is 1.158 x 
1077. Although 30000 iterations are processed, only 2.1 X 10^ combinations are 
explored. The ratio of the searched combination tends to zero. Therefore, GA is 
not suitable to obtain the coefficients of the equations. 
For the equations obtained from least square regression, they are low order (only 
6-order) equations. So, the equations have limited numbers of maxima and 
minima. For this reason, the values between peak values are either strictly 
increasing or strictly increasing, local optimization technique, like steepest 
method, may be applied to find the desired values in trajectories for IRAS, if the 
range of the value is chosen. This would reduce the computational time for 
searching, as global optimization is a time consuming process. 
Moreover, the brush footprint model was obtained by writing strokes on same 
type of papers to ensure constant ink diffusion. If other types of papers are used, 
the diffusion rate would be different. This may vary the amount of ink condenses 
on the brush footprint, so it would affect the spreading and formation of the shape. 
To avoid such problem, the trajectory execution speed in IRAS can be adjusted. If 
a paper has higher diffusion, the brush should move faster. For the one with lower 
diffusion rate being used, the execution speed should be reduced. 
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Chapter 6: TRAJECTORY GENERATION FOR 
ROBOTIC CHINESE CALLIGRAPHY 
The basic idea of calligraphic trajectory generation is to map brush footprints to 
fully cover the strokes in a Chinese word. A method based on GA is proposed in 
[51] and [52] to create 3-DOF trajectories. It superimposes brush footprints along 
the medial axis of strokes. The sizes of the footprints are changed, depends on the 
random strategy in GA, both the outside area of footprints and uncovered regions 
are minimized. However, since GA is used, the time required for obtaining a 
trajectory would be long, especially in complicated problems, e.g. 5-DOF 
trajectory searching. Therefore, in this chapter, a method for fast calligraphic 
trajectory generation is proposed to reduce the computational time. 
6.1. STROKE TRAJECTORY SEARCHING WITH 
ACCORDING STROKE WIDTH 
To simplify this problem, some conditions should be fulfilled to limit the 
searching range of trajectory parameters. In acquisition of brush representation, 
discussed in Chapter 5, the brush manipulator is moving along the longitudinal 
direction (direction from point 1 to point 5) of brush footprint to induce residual 
brush footprints. Hence, when the brush is used to draw with the same parametric 
values in brush depth, vertically inclination and direction of motion, it should 
imprint a brush footprint with the same shape. If the brush moves in the other 
directions, it would change the friction between the brush and the paper. The 
footprint would be deformed differently comparing to the one with constant 
parameters. Therefore, to reduce the possibility of variation, the direction of 
movement is limited, which is an important criterion, in this calligraphic trajectory 
searching. 
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Moreover, the shape of brush footprint is symmetrical along its longitudinal axis. 
It has the largest width in the middle part, which is close to the distance between 
point 3 and point 7. Hence, the distance isX3(d,Y) — X7(d,Y), where d is the 
brush depth, y is the brush vertical inclination. The mid-point of the points is 
known as center of a brush footprint. Besides, the refined internal edges in a 
stroke are cross-section lines, which can also be considered as the stroke widths. 
So, the center of brush footprint is supposed to touch the medial axis. The 
objective function Fobj4 to minimize the difference of stroke width and the width 
of brush footprint is 
Fobj4(d,Y) = X3(d,Y) 一 X7(d, Y) - Wstroke (4) 
where X3(d,Y) and X7(d,Y) are the x coordinates of point 3 and point 7 in the 
sample points of brush footprint, and W t^roke is the stroke width. The starting 
point of a trajectory can be initialize with constant value (d,Y), say (2,20°). For 
the other points, as mentioned in Chapter 5 since the brush footprint 
representation is expressed by several 6-order equations, steepest method is 
applied to find the values that minimizes o^hiA- The trajectory searching process is 
as illustrated in Figure 52. The red shape indicates the brush footprint that is 
mapping on the stroke. Even the medial axis turns (Figure 53(b)), the longitudinal 
axis also follows the direction of it. This mapping continues, until it reaches to the 
other end of the stroke (Figure 53(c)). 
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織•现 
� （b) (c) 
Figure 53. Trajectory searching along the medial axis. 
6-2- IMPROVEMENT IN STROKE TRAJECTORY 
After mapping, a trajectory can be obtained by interpolating the positions of the 
brush footprint centers. However, if only the width is considered, some of the 
footprints may superimpose a stroke outside its boundary as shown in Figure 
54(a). The distance, AD, between vertex 1 and the stroke boundary is largest 
among the vertices in the same footprint, i.e. 
Therefore, the size of this outlier should be reduced, such that it just touches the 
boundary. At the same time the change in brush depth and vertically inclination 
should also be reduce to prevent vibration in the robot. Therefore, the objective 
function can be written as 
Fobjs = coiAD + cdzAI + cOiAB (5) 
where AD is the distance of vertex 1 and the closest point in the boundary, A1 and 
AB are the change in the brush inclination and depth respectively. Figure 55(a)-(f) 
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plot the meshes show the relationship between brush depth, inclination and the 
distance from the center to each vertex in footprint. It shows that these distances 
would be increased, if either brush depth or inclination increases. The resized 
brush footprint is shown in Figure 54(b). Most of it is overlapped with the stroke, 
and only small area is not bounded. 
Vertex 1 ^ ^ ^ 
� w 
Figure 54. Improvement in stroke trajectory. 
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Figure 55. (a)-(h) Plots show the distances of sample points from brush footprint 
origin 
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6.3. EXPERIMENT 
The generated trajectory from the word in Figure 38(a) is compared with its 
medial axis. The word is fully mapped with brush footprints as shown in Figure 
56(b). Figure 56 shows the (a) medial axis and (c) the trajectory of x and y axis. 
The trajectory is discovered to be rugged relative to the medial axis. The 
rotational axes would compensate the difference, so the center of the brush 
footprint should move in a smooth curve. 
� （b) (c) 
Figure 56. Comparison between medial axis and the x-y trajectory: (a) medial axis, 
(b) word mapped with footprints and (c) the trajectory of x-y axes 
Experiment is conducted to execute the 5-DOF trajectory using IRAS. Figure 57 
is the replicated version of Bada Shanren's calligraphy in Figure 40(a). The result 
has great improvement in stroke thickness compared to the one with constant 
thickness in Figure 40(b). Therefore, it shows that the trajectory generation is 
capable to achieve robotic calligraphy using hairy brush. However, one of the 
strokes does not fully covered by footprints, which is indicated by a red circle in 
Figure 56(b). The uncovered regions are caused by footprints, which do not accent 
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with the stroke width, in the middle part of the stroke. Therefore, in calligraphy 
shown in Figure 57，the stroke in the corresponding word would be thinner than 
the desired stroke width. This problem is different to be solved, as the brush 
footprint model does not provide shapes that both superimpose the stroke with no 
uncovered region and have width some as the corresponding cross-section lines. 
To alleviate the problem, the tolerance between stroke boundary and the feature 
points in the footprint should be increased, so brush footprints with thicker width 
would be used. 
曰 M l t 
、 章 I 气 I 
Figure 57. Replication of in Bada Shanren's calligraphy using IRAS 
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CONCLUSION AND FUTURE WORK 
In this thesis, Robotic Chinese calligraphy is discussed, which achieved by a robot 
artist IRAS using hairy brush. Stroke segmentation and trajectory generation are 
the major algorithms to fulfill the task in our approach. Moreover, to satisfy the 
requirements for writing Chinese calligraphy, IRAS has been improved in 
hardware for dexterous motion. The modification includes additional rotational 
DOFs in manipulator and axial-rotary brush to enable the brush manipulator 
inclines. Some auxiliary functions, like manipulator positioning and vibration 
reduction, also augments stability and abilities to the robot. Experiment shows 
that the recent 5-DOF configuration is capable to execute trajectories in maximum 
speed 5cm/s, which is 5 times the previous speed, with constant acceleration 
10cm/s2. 
Stroke segmentation is developed for Chinese words, based on a newly suggested 
skeletonization method. The skeletonization could convert a pattern into medial 
axis by procedures: triangle modification, triangle filtering and replacement, and 
skeletal interpolation. Since it utilizes Delaunay triangulation and Bezier curve to 
approximate the patterns that are analyzed, the computational time is effectively 
reduced. Both Chinese and English characters are used as examples to show this 
method may also be extended to different languages. It was compared with other 
algorithms, which demonstrated that our method would potentially speed up the 
medial axis extraction more than 30 times. Hence, it is appropriate to applications 
that high resolution images are used. 
Medial axis is essential information to determine the connectivity of the strokes in 
a word. To convert it into a continuous stroke, the triangular mesh is adjusted 
based on the structure of Chinese words. Spurious branch removal filters the 
unrelated branches and branch matching determines the branch correspondences. 
Bezier curve is also applied to refill the vanished regions. Experiment is 
conducted using calligraphy of one of the most famous ancient Chinese 
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calligrapher, Bada Shanren. It shows that this approach is feasible to extract most 
of the strokes in the Chinese words. However, some of the strokes cannot be 
extracted correctly. The problem is caused by the dominant of some of the factors. 
Therefore, fuzzy logic is proposed to improve weighting the branch matching. 
Furthermore, brush footprint representation is acquired from experiment, which 
samples the footprint boundary. Both Least square regression and GA are applied 
to interpolate the boundary sample points. Result shows that, if ranges of 
parameters are selected, it would generate brush footprints with small error (less 
than 2mm difference to the sample points). It can be used as a model to predict the 
shape of brush footprint varied by brush deformation. However, the brush 
footprint would also be varied by the current status of the brush. So, to improve 
the brush footprint representation, brush deflection and direction of motion should 
also be considered. 
After obtaining the segmented strokes and footprint representation, trajectory is 
searched along the stroke medial axes. In essence, it is generated by mapped brush 
footprints to the strokes, such that the footprints just touch the stroke boundary. 
The mechanical output executed by IRAS is compared with the one with constant 
stroke width and the original calligraphy. Result shows that the replicated 
calligraphy with 5-DOF trajectory is superior, since its stroke width is closer to 
the original version. Apart from Bada Shanren, calligraphies written by other most 
famous artists, e.g. Wang Xizhi and Yan Zhenqing, will also be replicated using 
the proposed procedures in future works. Success of the work would potentially 
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Appendix: Segmented Strokes of Bada Shanren 's Calligraphy 
APPENDIX 
9.1. SEGMENTED STROKES OF BADA SHANREN'S 
CALLIGRAPHY 
� � f ^ : U 
/ W 
p i ^ r t r f 會 ， ’ 
(a,) (a2) (as) (a4) 
(b,) (b2) (ba) (b4) (bs) (b6) (b?) 
Figure 58. word of Bada Shanren's calligraphy: (a) segmentation procedures 
and (b) segmented strokes 
^ ^ , 截 丨 M ^！^；^这令 
1 ^ ^ - ..:.,.,•.•、'：!.:.- I i � . . 講 
I n X I ；r . 丨：广 B':®�” 
(a) (b) (c) (d) 
(b,) (b2) (b3) (b4) (bs) (b6) (b?) (bg) (bg) 
Figure 59. word of Bada Shanren's calligraphy: (a) segmentation procedures 
and (b) segmented strokes 
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^^ � � z : , 
W / • 梦 U1--
(ai) M (as) (a4) 
L - 7 ^ I 
� I - 1 • 
(b,) (b2) (ba) (b4) (bs) (be) (b,) (bg) (bg) (b,o) 
Figure 60. 3"* word of Bada Shanren's calligraphy: (a) segmentation procedures 
and (b) segmented strokes 
一 ， — • 
遍 》::！ 
垂 2 a I ； S _ _為趟 _ i 
\ ^ I 豫•:加：感I 省 丄 肩 f 
\mmmmjg I f f i i w i ^ 、％«_,_ 、.…一.•‘..：：:丨 
(ai) (a2) (as) (a4) 
1 U � - , — 
(b,) (b2) (b3) (b4) (bs) (be) (by) (bs) 
Figure 61. word of Bada Shanren's calligraphy: (a) segmentation procedures 
and (b) segmented strokes 
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F T ’看 F T 1R— 
U 闕 (…； 
cl |J ri 
SL^ .疑 « 1::〉 
g , , ‘. � � 
(a丨） （a2) 
丨 I 一 - z -
(b) (b3) (b4) (b5) (b6) (b7) 
，igure 62. word of Bada Shanren's calligraphy: (a) segmentation procedures 
and (b) segmented strokes 
- ， 
(a 丨） （a2) 
々 " 一 一 
(b、 (b , (b3) (b.) (b3) (b6) (b8)(b9) (blQ) (bll) 
( ) F 一 二h word of Bada Shanren's calligraphy: (a) s - e - o n P - e d u r e s 
and (b) segmented strokes 
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I M I 侧 I _ 
H I m I嫩 I I _ ,丨 J I m i I 麵臂 r一 ‘ 
^ r j ^ 0 J • _ I 二 
(ai) M 03) (a4) 
/ 广 7 卜 
(b,) (b2) (b3) (b4) (bs) (be) (b?) (bg) 
Figure 64. 7出 word of Bada Shanren's calligraphy: (a) segmentation procedures 
and (b) segmented strokes 
^ tm ^ , J b, 
^ t 纖 | t 秦簏 ,..::，：I 
( J � ‘ 1 � " 
(a,) (a2) (a3) (>4) 
(bi) (b2) (b3) (b4) (bs) (b6) (b?) (bg) (b9) (b,o) 
Figure 65. 8th word of Bada Shanren's calligraphy: (a) segmentation procedures 
and (b) segmented strokes 
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i fi B i 
M ^ ^ ^ 辑、後’. m .'..:/.::、 
(a,) (a2) (as) (a4) 
J - 、 
(b,) (b2) (b3) 
Figure 66. 9出 word of Bada Shanren's calligraphy: (a) segmentation procedures 
and (b) segmented strokes 
减 / 遍 H ] 
C ^ 啊 i M 、 仏 
\ \ \ \ 
I I I 1 
(a,) (a2) (as) (a4) 
( … 厂 
(b,) (b2) (b3) (b4) (bs) (be) (b?) 
Figure 67. 10出 word of Bada Shanren's calligraphy: (a) segmentation procedures 
and (b) segmented strokes 
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1 I i f J n ^ 
^ I t / , ‘ 1 : 1 . - n j 
(a,) (a2) (as) (a4) 
( b , ) (b2) (b3) (b4) (bs) (b6) ( h i ) (bg) (b9) (b io) ( b " ) (b,2) ( b n ) 
� ^ r 
丨-
(b i4 ) (b ,5) (b ,6) ( b n ) (b is ) 
Figure 68. ll^h word of Bada Shanren's calligraphy: (a) segmentation procedures 
and (b) segmented strokes 
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(ai) 02) M (a4) 
(b,) (b2) (b3) 
Figure 69. word of Bada Shanren's calligraphy: (a) segmentation procedures 





(a,) (a2) (as) (>4) 
一 〜 
(b,) (b2) (b3) (b4) (bs) (b6) (hi) (bg) 
Figure 70. 13出 word of Bada Shanren's calligraphy: (a) segmentation procedures 
and (b) segmented strokes 
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J fk f I I I f | 1 —/ f i 
AIL 威藝 丨」 
I ^ T j i ：；^、•？9 J 藝 , 丨 . � . i ! 
零 J L / ^ 豪 1 ',义—.-,,...... 
(a,) (a.) W � 
(bl) (b,) (b3) (b4) (bs) (b6) (b7) (bs) (b9) 
Figure 71. word ofBada Shanren's calligraphy: (a) segmentation procedures 
and (b) segmented strokes 
Q , t P _ +-......Z—I 
fe^!. fe , I 
^ fe ^^ _ I ！ 
-.-j .-：： ？/V ：卜、.；. I l'-a t~ j fh ：—：? ! •、一 . 
� g g i 丨 
I m p ® 輪 藝 《 § •一 . . . I 
(a丨） ⑷ ⑷） （a4) 
1 丨 • 一 
(b,) (b2) (b3) (b4) 
Figure 72. 15*卜 word ofBada Shanren's calligraphy: (a) segmentation procedures 
and (b) segmented strokes 
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/ I # 4 1 ( 
(ai) (a2) (as) (a4) 
夕 八 h 
(b,) (b2) (b3) (b4) (bs) (b6) (b7) (bg) 
Figure 73. 16''' word of Bada Shanren's calligraphy: (a) segmentation procedures 
and (b) segmented strokes 
一 一丄乂-、 
(a,) M M (a4) 
(bi) (b2) (b3) (b4) (bs) (b6) (b7) (bg) 
Figure 74. 17 '^' word of Bada Shanren's calligraphy: (a) segmentation procedures 
and (b) segmented strokes 
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塵 、 _ 、 _ 、！^ . \ 
^^ ^ae S 
t m k^ ；' % Jjf 會身 IJ> 7 # # / 
• H I ^ � � � • m： ^ 、 、 , 人 .、 
(ai) M (as) (a4) 
» > 
(b,) (b2) (b3) (b4) (bs) (b6) (b7) (bs) 
Figure 75. word of Bada Shanren's calligraphy: (a) segmentation procedures 
and (b) segmented strokes 
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